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The magnetic properties attributed to the hydroxide layer of Li1−xFex(OH)Fe1−ySe have been eluci-
dated by the study of superconducting and non-superconducting members of this family of compounds.
Both a.c. magnetometry and muon spin relaxation measurements of non-superconductors find a mag-
netic state existing below ≈ 10 K which exhibits slow relaxation of magnetisation. This magnetic state
is accompanied by a low temperature heat capacity anomaly present in both superconducting and non-
superconducting variants suggesting that the magnetism persists into the superconducting state. The
estimated value of magnetic moment present within the hydroxide layer supports a picture of a glassy
magnetic state, probably comprising clusters of iron ions of varying cluster sizes distributed within the
lithium hydroxide layer.
I. INTRODUCTION
Iron selenides, as a subset of iron-based superconduc-
tors, have received substantial interest in recent years.
The parent compound, FeSe, was found to be a supercon-
ductor with Tc ≈ 8 K1,2 which has a strong dependence
on the precise stoichiometry.2 Tc may be enhanced with
the application of hydrostatic pressure3,4 and by prepar-
ing FeSe as a single-layer.5–7 The enhancement of Tc due
to pressure has been suggested to be due to changes
in hybridization of Fe and Se orbitals8 which may indi-
cate electron doping from a Se2− to Fe2+ charge trans-
fer, while the enhanced Tc in monolayer FeSe is sug-
gested to arise from electron doping either due to O-
deficient substrate or Se loss to form FeSe1−x.7 Reduc-
tion of multilayer FeSe with K atoms also leads to the
enhancement of superconducting Tc.9 Chemical interca-
lation (the insertion of additional ions or molecules be-
tween FeSe layers) has also been employed to increase Tc
with the intercalation of metal ions, A, to form families
of compounds, AxFe2Se2, reaching Tc’s of approximately
30− 40 K in bulk compounds A0.8Fe1.6Se2.10–13 This pro-
cess may be taken further by intercalating, along with the
reducing alkali metal, larger molecules such as ammonia
to form Lix(NH2)y(NH3)1−yFe2Se2 and pyridine to form
Lix(C5H5N)yFe2−zSe2 with superconducting transitions
of 43 K14 and 45 K15 respectively. While this raising of
Tc is intriguing and may be considered a result of in-
creased interplanar spacing,16 another important aspect
is the new physical behaviour that is introduced by in-
serting additional material between the FeSe layers.
An important example is the system of layered hydrox-
ide selenides, Li1−xFex(OH)Fe1−ySe.17–19 These com-
pounds consist of alternating layers of tetrahedral FeSe
and Li1−xFex(OH) (shown in Fig. 1) and have the advan-
tage over amine-intercalated compounds of being much
more thermally stable. The FeSe layers contain Fe vacan-
cies whose concentration has a large effect on the super-
conducting properties.17,20 The hydroxide layers always
contain a roughly 4 : 1 ratio of Li:Fe with a +2 oxida-
tion state of iron.17,19 A density functional theory (DFT)
study suggests that this Li:Fe ratio is favoured to avoid
lattice mismatch between the hydroxide and FeSe lay-
ers and allow commensurate stacking.21 In addition, the
Fe in the hydroxide layer may play a role in enhancing
Tc by increasing charge transfer of x electrons into the
FeSe layers providing a similar level of doping to that in
the metal/ammonia intercalates.21,22 It has been shown
that a certain degree of control may be exercised over
the superconductivity of these compounds. A post syn-
thetic lithiation may be performed which introduces fur-
ther Li into the system to displace Fe from the hydrox-
ide layer which in turn fills Fe vacancies in the FeSe
layer.17 Utilising this method, it has been shown that su-
perconductivity in these compounds requires both near
stoichiometric FeSe layers (y < 0.05) and the reduction
of Fe in this layer below the +2 oxidation state as fa-
cilitated by the hydroxide layer Fe.17,20 Increased lithi-
ation to form the stoichiometric Li(OH)FeSe was found
to destroy superconductivity.20 In addition, there have
been reports of magnetic order in these compounds,
the magnetism likely originating in the hydroxide layer,
with both ferromagnetic19,23 and antiferromagnetic18,24
order being proposed. Hydroxide layer magnetism has
also been suggested to couple to and influence mag-
netism in the FeSe layer and therefore play a role in
superconductivity.22 This has been likened to the inter-
action between interstitial Fe and FeTe1−xSex layers in
Fe1+yTe1−xSex.25 We have recently suggested that the Fe
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2moments in the hydroxide layer of Li1−xFex(OH)Fe1−ySe
show glassy, rather than ordered, character20 owing to a
lack of evidence for long range order in powder neutron
diffraction.20,26
In this paper, further investigation of the hydroxide
layer magnetism is reported via both static and dy-
namic magnetometry, heat capacity and muon spin re-
laxation (µSR) measurements on powder samples of
Li1−xFex(OH)Fe1−ySe. Previous work17,20 has eluci-
dated the compositional requirements of superconductiv-
ity and this has allowed both superconducting and non-
superconducting variants of these compounds to be ex-
amined in an effort to disentangle the hydroxide mag-
netism from superconductivity and confirm its existence
regardless of the presence of the superconducting state.
II. EXPERIMENT
Five powder samples of Li1−xFex(OH)Fe1−ySe (three
non-superconductors and two superconductors) were
synthesised as detailed in Refs. 17 and 20. They are
henceforth referred to as NonSC1, NonSC2, NonSC3,
SC1 and SC2. Non-superconducting samples were syn-
thesised hydrothermally while superconducting samples
underwent a post-synthetic lithiation after hydrothermal
synthesis to “turn on superconductivity” by generating
near stoichiometric FeSe layers via reductive intercala-
tion of Li.17 The structure and composition of each com-
pound were derived from X-ray powder diffraction on the
I11 beamline at the Diamond Light Source (Rutherford
Appleton Laboratory, UK) with additional neutron pow-
der diffraction performed at the Institut Laue-Langevin
(Grenoble, France) on NonSC3. Magnetometry was per-
formed using a Quantum Design magnetic property mea-
surement system (MPMS-XL). Heat capacity measure-
ments were carried out utilising a Quantum Design phys-
ical property measurement system (PPMS) on pressed
pellets of powders in 0 and 11 T static magnetic fields.
µSR experiments27,28 were performed using a He3 cryo-
stat inserted in the MuSR spectrometer at the ISIS pulsed
muon facility (Rutherford Appleton Laboratory, UK).29
Zero-field (ZF) measurements were performed in which
the Earth’s magnetic field of 50 µT is cancelled out to
better than a few µT using three mutually perpendicu-
lar sets of compensation coils. Thus in a ZF-µSR experi-
ment, the polarization of incoming muons is measured in
the sample in the absence of an external magnetic field.
The µSR data were analyzed using the analysis software
WiMDA.30
The precise compositions of each sample are detailed
in Table I as well as lattice parameters where a and c
are the intralayer and interlayer parameters respectively.
SC2 was the subject of a recent neutron spectroscopy
study.31 Immediately noteworthy is the Fe occupation of
the hydroxide layer which takes a similar value for all
five samples of x ≈ 0.2 for non-superconductors and
x ≈ 0.16 for superconductors. In contrast, the value
FIG. 1. Layer structure of Li1−xFex(OH)Fe1−ySe. The unit cell
is also highlighted.
of y varies from approximately 0.01 − 0.16. This agrees
with the x and y values of other published work on these
compounds18,19,23,24 and the required x thought to be
needed for structural stability.21 Both SC1 and SC2 show
slightly lower x due to the post-synthetic lithiation they
underwent which displaced hydroxide layer Fe to the
FeSe layer, filling iron vacancies.
III. HYDROXIDE LAYER
The hydroxide layer is comprised of a 2-D network of
metal tetrahedra, M(OH)4, compressed along the stack-
ing direction as shown in Fig. 1. The resultant metal
lattice forms two-dimensional square sheets. With an Fe
occupancy of x ≈ 0.2 in a Li matrix, and no structural ev-
idence for Li/Fe long range order,20,26 we can calculate
the probability of a specific Fe ion being isolated, part
of a dimer, part of a trimer, etc, under the assumption
that the Li and Fe ions are randomly distributed. These
probabilities are plotted as a function of x in Fig. 2(a).
This demonstrates that in Fe concentrations (x ≈ 0.16-
− 0.23) under consideration the majority of Fe ions exist
as isolated ions, though there are also dimers and clus-
ters of greater than three ions. It should be highlighted
that Fig. 2(a) shows only probability of cluster size for
a particular iron ion and not the fraction of clusters of
a particular size. Thus, despite dimers and clusters of
greater than 3 Fe ions having similar probabilities for this
range of x, there will be a greater number of dimers.
Fig. 2(b) shows a schematic of a hydroxide layer ran-
domly populated with x = 0.2. A large number of clus-
ters of varying sizes may be seen with no long range net-
work across the sample (if only nearest neighbour in-
teractions are considered), consistent with x being well
below the percolation threshold (xc = 0.5927) for a two-
dimensional square lattice.32,33 Thus long range mag-
netic order sustained by nearest-neighbour interactions
would not be expected. Even taking into account longer
3TABLE I. Compositions of Li1−xFex(OH)Fe1−ySe and lattice parameters for the samples in this study.
Label x y a(A˚) c(A˚) Volume(A˚3) Comments
NonSC1 0.203(8) 0.156(7) 3.8169(1) 9.1744(6) 133.665(1)
NonSC2 0.207(2) 0.129(1) 3.8196(2) 9.1706(1) 133.793(2)
NonSC3 0.228(2) 0.078(3) 3.8054(1) 9.2014(4) 133.243(1)
SC1 0.162(2) 0.011(4) 3.7729(1) 9.3590(2) 133.228(2)
SC2 0.164(2) 0.010(3) 3.7808(1) 9.3002(2) 132.947(1) Deuterated
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FIG. 2. (a) Fraction of Fe in the hydroxide layer in clusters of 1,
2, 3 and more than 3 Fe ions given that the initially considered
ion is iron. Distribution of Fe in the layer has been assumed
random such that the probability of a hydroxide site containing
Fe is equal to x. Only nearest neighbours have been considered
as constituting a cluster. The region of x spanned in this study
is highlighted in grey. (b) Graphical representation of the 2-D
hydroxide layer with x = 0.2, Li = yellow and Fe = blue as
shown in Ref. 20.
range interactions, the competition that would arise be-
tween clusters due to differing cluster size, interaction
type (ferromagnetic or antiferromagnetic), and possi-
ble anisotropies in each cluster would probably lead to
a more frustrated ground state than simple long range
magnetic order. This analysis supports a glass-like mag-
netic interpretation of the hydroxide layer which has re-
cently been proposed,20 whereas long-range order would
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FIG. 3. (a) Magnetic susceptibility, χ, of superconducting
samples SC1 and SC2 measured in a d.c. magnetic field of
µ0H = 5 mT. While an exact demagnetising factor is unknown
an estimate of ≈ 0.4 has been made by referring to the demag-
netising factor of spherical particles in a cuboid container span-
ning values of 0.33 − 0.43.34 (b) Magnetic susceptibility, χ, of
non-superconducting samples NonSC1, NonSC2 and NonSC3
measured in a d.c. magnetic field of µ0H = 5 mT. Due to
smaller signal no demagnetising factor correction has been per-
formed.
be highly unlikely.
IV. D.C. VERIFICATION
Results of initial d.c. magnetic characterisation are
shown in Figs. 3(a) and (b). SC1 and SC2 both show
4a strong superconducting transition with a Tc of approxi-
mately 40 K. NonSC1, NonSC2 and NonSC3 show no su-
perconducting signature but instead a ZFC peak (hence-
forth referred to as Tp) in the range of 9 to 12 K accom-
panied by a divergence of ZFC and FC sweeps. Both SC1
and SC2 show high diamagnetic shielding at low tem-
peratures. These plots show that both are high Tc FeSe
superconductors with high volume fractions.
The ZFC peaks at ≈ 10 K in the non-superconducting
samples as well as the divergence between ZFC and
FC sweeps suggests the development of some type of
at least local magnetic order but is not, in itself, suf-
ficient to distinguish between ferromagnetic or glass-
like behaviour.35 A ZFC peak in this temperature region
has been detected in superconducting variants of these
compounds which was interpreted as long range ferro-
magnetic order.19 However, a ZFC peak is not present
in SC1 or SC2 nor in other members of this family of
compounds.17,18 This suggests that the peak is fairly sen-
sitive to x as it has been detected in a previously re-
ported member of this family which superconducts with
x ≈ 0.2.19 Indeed, due to the diamagnetic signal of su-
perconductivity being of a much greater magnitude than
that of the Tp feature a peak may be too relatively weak
to be detected for SC1 and SC2. This is demonstrated in
Fig. 4(a) in which the d.c. susceptibility sweeps of SC1
and NonSC1 have been plotted in the same units. The
low temperature feature of NonSC1 is very small relative
to the superconducting signal of SC1. If the magnitude
of this was reduced due to the lower x of the supercon-
ductors and it was superimposed on top of the supercon-
ducting SC1 it would likely be difficult to detect. Fur-
thermore, a superconducting member of this family lack-
ing this feature in a magnetic field of µ0H = 1 mT was
shown to display very similar susceptibility to the non-
superconductors with a ZFC peak at 8.6 K accompanied
by a divergence of ZFC and FC sweeps when measured
in a high magnetic field of µ0H = 1.0 T.18 This was ex-
plained by the 1.0 T field suppressing superconductivity
and allowing only the hydroxide layer magnetism to be
observed, which was interpreted in Ref. 18 as canted an-
tiferromagnetism.
A test to reproduce this effect for SC1 is shown in
Fig. 4(b). While not completely suppressing the super-
conductivity, partial suppression has occurred with a very
asymmetric peak at approximately Tp which moves to a
lower temperature with a higher magnetic field accom-
panied by a divergence between ZFC and FC sweeps.
These features fit a spin glass description and Fig. 4(b)
may be explained thus: for the ZFC sweep the moments
of the hydroxide layer at low temperatures are frozen
in random orientations resulting in no net magnetisa-
tion and only partial diamagnetic shielding from the su-
perconductivity being present. On warming the system
and passing through Tp (which we identify as the spin
glass freezing temperature, Tf) the moments become un-
frozen and align with the applied field. This results in an
enhancement of the magnetic field experienced by the
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FIG. 4. (a) Magnetic susceptibility, χ, of superconducting sam-
ples SC1 and NonSC1 measured in a d.c. magnetic field of
µ0H = 5 mT from Fig. 3(a) and (b) plotted with the same
units for comparison. (b) Magnetic susceptibility, χ, of su-
perconducting sample SC1 measured in d.c. magnetic fields of
µ0H = 0.4 T and µ0H = 1.0 T.
sample and further suppresses the superconductivity. It
is not completely suppressed so an anomaly at Tc can
still be detected, resulting in a small minimum occurring
between Tp and Tc. For the FC sweep, due to cooling in
a magnetic field the moments in the hydroxide layer be-
come frozen and aligned with the magnetic field result-
ing in the near complete suppression of superconductiv-
ity even at 2 K (though a small anomaly persists at Tc).
V. A.C. SUSCEPTIBILITY
The measurement of a.c. susceptibility was employed
in a previous study20 to elucidate the nature of the mag-
netic properties of NonSC1 with the results from this
study shown in Figs. 5(a) and (b) as the real/in-phase
part of the susceptibility (χ′) and the imaginary/out-of-
phase part of the susceptibility (χ′′) respectively. The
frequency dependence of χ′ develops only below Tp and
is accompanied by a set of frequency dependent peaks in
χ′′. This bears similarities to that of slow relaxing single-
molecule magnets36,37 and spin glasses.35,37,38 The char-
5acteristic value ∆Tf/[Tf∆(ln(ω))] (where Tf is the freez-
ing temperature corresponding to peaks in χ′ and ω is the
frequency of the applied a.c. magnetic field) was found
to be 0.016(1),20 consistent with a spin glass.36
To understand this behaviour more deeply, we show
the Cole-Cole plot for χ′′ v. χ′ in Fig. 5(c) which for a
system dominated by a single relaxation time (such as a
single molecule magnet) would yield isothermal arcs.36
Instead for NonSC1 we find what appear to be very small
slices of arcs in the region of Tp. This provides evidence
for a system containing slow magnetic relaxation with a
spread of relaxation times, functioning to distort the arcs
from the ideal semicircle of a single relaxation time,35,36
similar to that observed in spin glasses.35,38
Further anomalies not observed in d.c. susceptibility
measurements can be identified in Fig. 5(a) and (b) as
a closing of frequency dependence with a shoulder in χ′
at ≈ 4 K and upturn in χ′′ at ≈ 5 K. This manifests in
the Cole-Cole plot as a set of isothermal points that span
a very narrow region of χ′. Though the frequency range
available limits investigation, the χ′′ upturn may suggest
the presence of a second, unknown relaxation process
becoming important at lower temperatures.
Analysis of the peaks of χ′′ was performed using the
Arrhenius law,
τ = τ0 exp
[
Ea
kBT
]
, (1)
and the Vogel-Fulcher law,
τ = τ0 exp
[
Ea
kB(T − T0)
]
, (2)
where τ = 1/ω, τ0 is the characteristic relaxation time,
Ea is the activation energy for the relaxation process, T
is the temperature of the peaks in χ′′ and T0 is the char-
acteristic temperature.35–40 The Arrenhius fit produced
unphysical values (e.g. Ea = 470 ± 10 K) but the Vogel-
Fulcher fit shown in Fig. 5(d) yields T0 = 6.4 ± 1.2 K,
ln τ0 = −23±6 and Ea = 60±40 K, the large uncertainty
in parameter values resulting from the narrow tempera-
ture range over which χ′′ peaks exist. Unphysical pa-
rameter values from an Arrhenius fit are often found in
a glass-like system35,37,39,40 in which the non-interacting
moments described by the Arrhenius law (as in single
molecule magnets36) are not present. The Vogel-Fulcher
law is typically used as an improvement over the Arrhe-
nius law for spin glasses35,37,39,40. This demonstrates that
a spin glass description of the slow magnetic relaxation
of the system is reasonable with slight deviations from
the Vogel-Fulcher law unsurprising as it is only a phe-
nomenological description.35
A.c. susceptibility measurements of the superconduc-
tors SC1 and SC2 are shown in Fig. 6. χ′ of each com-
pound (Fig. 6(a) and (c)) both show strong supercon-
ducting transitions though a small anomaly can be de-
tected as a broad hump for SC2 in the region of 25 K
(arrow in Fig. 6(c)). The out-of-phase susceptibility
(Fig. 6(b) and (d)) of SC1 and SC2 appear very simi-
lar with a small non-zero χ′′ above Tc, a sharp seem-
ingly frequency independent peak at Tc and an approx-
imately steady, non-zero χ′′ at all lower temperatures.
SC1 shows a shoulder just below Tc while SC2 shows a
bump at ≈ 20 K (both indicated in Fig. 6(b) and (d)).
Though one might expect the dissipative χ′′ signal to
be zero in a superconductor, dissipation can occur due
to vortices.41 In the studied systems should the hydrox-
ide layer magnetism and superconductivity be well sep-
arated (as we have assumed since they originate from
different layers) the frequency dependent peaks of χ′′
observed in NonSC1 would be superimposed upon a su-
perconducting χ′′ only non-zero in the region of Tc. Due
to the significant temperature separation of Tp and Tc
this would result in two distinct peaks at each frequency
at the low magnetic fields considered.
This is not observed in Fig. 6(b) or (d), perhaps due to
the large non-zero χ′′ of each superconductor masking
low temperature peaks or the lower iron concentration of
the hydroxide layer of the superconductors. Two sets of
peaks in χ′′ are present for SC1 and SC2 which are iden-
tified as the intrinsic peaks (IP) corresponding to the su-
perconducting transition of the samples and lower cou-
pling peaks (LCP) corresponding to the superconducting
transition of the powder grain boundaries.41,42 A bulge
in χ′ at a slightly higher temperature accompanies the
LCP and this is highlighted by an arrow for SC2. For SC1
this is hidden by the rapid drop of χ′ at Tc.
VI. HEAT CAPACITY
Heat capacity measurements were performed on each
of NonSC1, NonSC2, SC1 and SC2. Both superconduc-
tors showed similar behaviour and, therefore, the full re-
gion of interest is reported for SC2 only in Fig. 7(a) and
(b). Unexpectedly, no feature can be distinguished in
heat capacity at Tc with no visible change with the ap-
plication of 11 T. Instead, the only feature present is a
low temperature bump with a peak at ≈ 5 K. This bump
is suppressed in magnitude, broadened and pushed to
higher temperatures in high magnetic fields. When ex-
amining C/T the low temperature feature is accentu-
ated whereas a Tc anomaly may perhaps be identified
on top of the lattice contribution (highlighted by an ar-
row in Fig. 7(b)). However, this is weak enough that it
may be a measurement artefact. The lack of a distinct
feature at Tc for these compounds is not entirely unex-
pected. Elemental FeSe shows only a small heat capac-
ity anomaly at Tc43 and investigations of Ba0.8Fe2Se213
and LiFeAs44 show the difficulty of detecting anomalies
at Tc in these compounds. Furthermore, the Sommerfeld
coefficient (obtained from third order polynomial fits to
C/T v. T from 13 − 50 K for 0 T data) for SC1 and
SC2 was found to be γ = 3(6) and 0.0(7) mJ mol−1 K−2
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FIG. 5. (a) and (b) show a.c. susceptibility of NonSC1 as measured at µ0Hd.c. = 0 T with an a.c. magnetic field amplitude of
µ0Ha.c. = 0.4 mT. (a) shows the real/in-phase parts of susceptibility, χ′ while (b) shows the imaginary/out-of-phase parts of
susceptibility, χ′′. This was previously published in Ref. 20. (c) Cole-Cole plot of ac susceptibility shown in (a) and (b). (d)
Temperature of χ′′ peaks from (b) plotted with fit to Volger-Fulcher law where τ = 1/ω. These were determined by Gaussian fits
to the peaks from 7− 13 K .
for each compound respectively. Due to the low tem-
perature anomaly limiting the lower bounds of the fits
and the temperature region lying within the supercon-
ducting regime, exact determination of γ is difficult with
uncertainties likely larger than those quoted from poly-
nomial fits. An upper bound may be placed on γ of
≈ 50 mJ mol−1 K−2 by projecting 0 T data of Fig. 7(c) to
T = 0 K. These suggest SC1 and SC2 show a very small
electronic contribution to heat capacity similar to LiFeAs
(with γ ≈ 23.3(5) mJ mol−1 K−2) which also displayed a
weak discontinuity of heat capacity at Tc.44 As such, the
lattice contributions may be much greater which, com-
bined with the smearing out of features due to the sam-
ples being pressed pellets, hide an anomaly at Tc. Our
results are in agreement with those reported in an inde-
pendent investigation18 in which heat capacity was mea-
sured in the range 2−20 K for a superconducting sample
with a similar composition.
Fig. 7(c) shows C/T in the low temperature region
for NonSC2, SC1 and SC2 with each showing the same
anomaly at 5 − 6 K that is suppressed in magnitude at
higher applied magnetic fields. The data shown are in-
terpolated results of several sweeps which facilitates the
subtractions needed for the calculation of entropy. Slight
variations between samples may be attributed to small
errors when determining pellet masses or background
contributions with the larger high temperature values
of SC1 perhaps indicating a more homogeneous sample.
SC1 did show the largest superconducting volume frac-
tion in Fig. 3(a). As these peaks extend up to tempera-
tures of ≈ Tp they can be identified as originating from
the same feature. Both SC1 and SC2 (with x ≈ 0.16)
show similarly sharp peaks while the peak in NonSC2
(x ≈ 0.21) is much less prominent appearing more as a
shoulder. However, a superconducting member of this
family with x = 0.2 also showed a sharp peak in C/T at
this temperature suggesting that this small variance of x
may not be the controlling factor. Therefore, it appears
the factors that favour superconductivity in these com-
pounds also favour an enhanced entropy change due to
the magnetic state of the hydroxide layers.
The suppression of the low temperature peaks in a
magnetic field of 11 T is reminiscent of spin glasses35
though it occurs over a narrower temperature range
than expected.38,45 To calculate the magnetic contribu-
tion ∆C/T a third order polynomial was fit to the 0 T
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FIG. 6. A.c. susceptibility of superconducting compounds at µ0Hd.c. = 0 T with an a.c. magnetic field amplitude of µ0Ha.c. =
0.4 mT. (a) and (b) show the real/in-phase and imaginary/out-of-phase parts or susceptibility, χ′ and χ′′, of SC1. (c) and (d)
show the real/in-phase and imaginary/out-of-phase susceptibility, χ′ and χ′′, of SC2.
C/T data for each sample from 13−50 K and subtracted
from each 0 T sweep from 2 − 20 K. ∆C/T for each
sample was linearly extrapolated to zero using the two
lowest temperature points for each sample. This was
subsequently integrated to yield the change in entropy
through the transition, ∆S, as shown in Fig. 7(d). While
these values may be considered as lower bounds on ∆S
since they are limited by the minimum temperature ac-
cessible via experiment, they are considerably lower than
expected. Defining the change in entropy through the
magnetic transition as ∆S = xR ln[2J + 1] (where R is
the gas constant, x the Fe concentration of the hydrox-
ide layer and J is the effective spin of the magnetic mo-
ments in the system45) yields the J values in Table. II.
While uncertainties may be slightly underestimated due
to the fitting procedure employed to find ∆C/T , these
values of J all lie below the value for one free electron
(1/2). Furthermore, the spin expected from crystal field
theory for the Fe2+ ions in a tetrahedral coordination is
2 and DFT calculations predict a moment of ≈ 3.5 µB
for hydroxide layer Fe.21,22 This analysis therefore lends
support to the suggestion that the hydroxide layer has
TABLE II. Entropy change from low temperature transition and
predicted moments of the hydroxide layer from Fig. 7(d). ∆S
has been obtained from linear fits between the temperatures of
13− 20 K with gradient fixed to 0.
∆S (J mol−1 K−1) Spin (J)
NonSC2 0.2646(2) 0.083(3)
SC1 0.7856(9) 0.396(8)
SC2 0.5166(3) 0.230(7)
glassy magnetic character as such spin underestimation
has been previously observed in spin glasses.45
Thus, in contrast with a previous interpretation of
these low temperature heat capacity peaks as evidence
of canted antiferromagnetism,18 they suggest more prob-
ably a magnetic state common to both superconducting
and non-superconducting compounds resembling a spin
glass.
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FIG. 7. (a) Heat capacity of SC2 measured at various static magnetic fields (µ0Hd.c. = 0, 1 and 11 T). No anomaly can be observed
at Tc. (b) C/T v. T of SC2 at magnetic fields of µ0Hd.c. = 0 and 11 T. An anomaly at Tc may exist in the form of a very subtle
bulge indicated by an arrow. (c) C/T v. T of NonSC2, SC1 and SC2 at magnetic fields of µ0Hdc = 0 and 11 T. (d) Entropy change
for NonSC2, SC1 and SC2 obtained as detailed in text.
VII. ZF-µSR
Example ZF-µSR spectra for NonSC3 are shown in
Fig 8(a). No Kubo-Toyabe-like relaxation or oscillatory
signal was observed at any measured temperature in the
forward-backward asymmetry spectra. Thus no evidence
for long range order or static magnetism was found,
though the pulsed structure of the ISIS beam precludes
an observation of precession signals faster than about
10 MHz.
The data were fitted with a two-component exponen-
tial relaxation function
A(t) = A1 exp (−λfastt) +A2 exp (−λslowt) , (3)
where the total relaxing amplitude consists of a slowly-
relaxing background with amplitude A2 and relaxation
rate λslow, and a further signal with amplitude A1 and a
faster relaxation rate λfast. Exponential relaxation corre-
sponds to either dynamic moments with a single correla-
tion time within the resolution of the spectrometer and
an unknown field distribution,46 or a dilute distribution
of static moments.47 The slow relaxation was found to be
approximately temperature-independent (with λslow ≈
0.1 µs−1). The faster relaxation shows strong temper-
ature dependence between 5 K and 50 K (as shown in
Fig. 8(b)), increasing sharply at temperatures below 25 K
before peaking at 11 K. This corresponds with the peaks
observed in a.c. susceptibility and heat capacity and pro-
vides further evidence for this transition representing a
glassy transition in which clusters of iron spins within the
hydroxide layer start to become static. To understand
this more fully we carried out simulations of the muon
polarization resulting from low concentrations of static
and dilute magnetic moments. It was found that the
observed relaxation could not be satisfactorily modelled
by either static spins or dynamic moments with a sin-
gle relaxation time, supporting the notion obtained from
a.c. susceptibility that a range of relaxation times are re-
quired. This is consistent with glassy behavior, probably
originating from a distribution of cluster sizes within the
hydroxide layer.
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FIG. 8. (a) Asymmetry of muons at various temperatures as
measured in NonSC3. (b) Fast relaxation rates, λfast, of muons
at various temperatures from fits to data as shown in (a).
VIII. CONCLUSION
In conclusion, the synthesis of superconduct-
ing and non-superconducting members of the
Li1−xFex(OH)Fe1−ySe family of compounds has al-
lowed a comparative study in order to identify the
magnetic character of the hydroxide layer. While d.c.
magnetometry did reveal the presence of a magnetic
phase at ≈ 10 K in non-superconducting compounds
which was intermittently observed in superconducting
variants, both a.c. magnetometry and µSR measure-
ments found this feature not to correspond to long
range order. Instead, this appeared consistent with slow
relaxation of magnetisation such as that found in spin
glasses containing frustration as can be visualised from a
random distribution of Fe2+ ions in the hydroxide layer.
These were found to correlate with a low temperature
feature in heat capacity present in both superconduct-
ing and non-superconducting members of this family
suggesting the hydroxide layer magnetism is present
regardless of the presence of superconductivity. Further-
more, the suppression of this feature with magnetic field
and an estimate of the entropy change suggest an spin
less than that calculated for an Fe2+ tetrahedral complex
of J = 2. This offers strong support for the glass-like
nature of this magnetism i.e. interacting, disordered
moments.
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